1. The mutualistic interaction between frugivore birds and the fruiting plants they disperse presents an asymmetric interaction pattern, with some species having a more important role (i.e. being essential) for maintaining the structure and functioning of the interaction network. The identification of the biological characteristics of these species is of major importance for the understanding and conservation of seed-dispersal interactions. 2. In this study, I use a network approach and avian seed-dispersal networks from 23 different geographical areas to test five hypotheses about species characteristics determining the structure of the assemblage. 3. I expected (i) large birds to forage on a large number of fruits and (ii) large fruits to be dispersed by few bird species (because of morphological constraints), and (iii) highly energetic fruits to be dispersed by more bird species (in accordance with optimal foraging theory). Besides the number of interacting partners, I also expected (iv) large birds and (v) small energetic fruits to be important for the maintenance of the structure of the interactions in seed-dispersal networks. As species that are closely related are more likely to be similar to each other, I performed phylogenetically corrected analyses to account for this data dependence. 4. Although bird size was not associated to species important in the maintenance of the structure of the seed-dispersal community, I identified that bird species whose diet was strongly dependent on fruits were important for the structure of the network. Regarding the plants, I found that large fruits were dispersed by fewer species, but the most important attribute to predict the role of a fruit was its energy content (higher energy, more bird species dispersing the plant, but low-energy fruits being of conservation concern because they are dispersed by specific species). 5. The results of this study suggest that the role of the species in seed-dispersal assemblages seems to be determined by the role of the species as consumers (frugivory degree for animals) or by their nutritional inputs (energy content for fruits) rather than by morphological constrains.
Introduction
Frugivory can lead to a mutualistic interaction if the seeds are dispersed by animals, which in return receive a nutritional reward (Herrera 1984) . Many fruiting plants rely on frugivorous animals for the dispersal of their seeds (e.g. Herrera 2002; Donatti et al. 2011) , constituting assemblages of interacting species organized under identifiable patterns Mello et al. 2011a; Sebasti anGonz alez et al. 2015) . In seed-dispersal networks (and in many other mutualisms), we often find heterogeneity in the interactions (e.g. Garc ıa 2016). For example, some animals are able to disperse many different plants, while others have a reduced number of interacting partners. Likewise, fruiting plants diverge in the number of animals that are able to disperse their seeds. This heterogeneity in the interactions involves that not all the plant or animal species are equally important for the maintenance of the seed-dispersal service Mello et al. 2011b) .
Besides the number of interacting partners, some species may be also important because they maintain the structure of the interactions in an assemblage. Assemblage structure (i.e. the way the interactions in the assemblage are organized) has been linked to the stability and competition level in several mutualistic interactions (Bastolla et al. 2009 , Th ebault & Fontaine 2010 , Rohr, Saavedra & Bascompte 2014 . Thus, species driving assemblage structure are also important for the functioning of the mutualism. For example, a seed-dispersal assemblage may be formed by species interacting preferentially in groups (i.e. modular assemblage, e.g. Donatti et al. 2011) . Species driving a modular assemblage may be important because they serve as connectors among groups of species that are otherwise isolated from each other, or because they connect the species in their group (e.g. Vidal, Pires & Guimaraes 2013) . In seed-dispersal communities, these connectors correspond to species that are able to interact with partners that have very different biological and ecological characteristics. Many seed-dispersal assemblages are also nested (Sebasti an-Gonz alez et al. 2015) , meaning that animals foraging on few fruit species interact with a subset of the species with which animals foraging on many fruit species interact. In a nested assemblage, a bird species can be important because it disperses most of the fruits in the assemblage. Thus, identifying which biological characteristics are related to the different roles of the species in the network may be of major importance for understanding the drivers of the assemblage functioning.
Interaction patterns may be driven by many interacting factors. One proposed explanation for the way seeddispersers and plants interact is that the most generalist species (i.e. those who interact with many different species) are the most abundant ones (V azquez, Chacoff & Cagnolo 2009 ). The distribution of abundances provides a template for the patterns of interaction within networks, but biological features may modify the interactions (Krishna et al. 2008) . Many studies have found that species-specific constraints are also important in limiting the number of potential interacting species (Stang, Klinkhamer & van der Meijden 2006 Chamberlain & Holland 2009; Carnicer et al. 2008) . For example, only if the gape of a bird species is larger than the size of the seed, will that species be able to swallow and disperse that seed (Jordano 2000) . Thus, species traits constrain some interactions to never occur (forbidden interactions, Olesen et al. 2011) . Other aspects of the biology are not linked to be an absolute constraint, and may also affect the number of interacting species. Optimal Foraging Theory predicts that plants offering a higher reward (i.e. larger or sweeter fruits) will be visited by more individuals (MacArthur & Pianka 1966; Dreisig 1995) and potentially by more species. Therefore, the characteristics of the species involved may affect the interaction patterns in different ways (Hagen et al. 2012; Dehling et al. 2016 ). An open question is which of these biological traits are related to the role of the species in the interaction network.
Besides, species that are closely related are more likely to be similar to each other if their characters have evolved randomly without association. This may produce relationships among characters that are not a result of coevolving selective pressures driven by their mutualistic partners (Felsenstein 1985; Paradis 2006 ). We know from previous studies that fruit traits are conserved into the phylogeny (Fischer & Chapman 1993 , Jordano 1995a , and that phylogenetically related species tend to interact with a similar group of species in mutualistic networks . Thus, to identify evolutionary associations between fruit and bird traits and their role in the interacting assemblage, it is fundamental to perform a comparative approach where the phylogenetic relatedness of the species is taken into account (Jordano 1995a) .
The biological factors determining the global structure of interaction networks (e.g. V azquez, Chacoff & Cagnolo 2009; Vizentin-Bugoni, Maruyama & Sazima 2014) and of species-paired interactions (e.g. Kaiser-Bunbury et al. 2014; Gonz alez-Castro et al. 2015) have been addressed by an extensive literature. However, studies focused on the interacting species have received less attention even though they provide important information from the species' perspective. Moreover, previous species-based studies have either focused only on the interacting animals (Schleuning et al. 2014) and not in the plants, or concentrated on specific (i.e. one study area) networks (Donatti et al. 2011) . In this study, I go one step further by relating the role of both animal and plant species in the network (i.e. how much does a species contribute to a specific pattern) with species-specific characteristics. I use a phylogenetic approach and information on 23 avian seed-dispersal interaction networks from all over the world. I hypothesized that fruit and bird sizes (because of morphological constrains), and fruit reward (in accordance with optimal foraging theory) would determine similar interaction patterns and species' role in the interaction network across different networks. I expected (i) large birds to forage on a large number of plant species and (ii) large fruits to be dispersed by few bird species. I also expected (iii) highly energetic fruits to be dispersed by more bird species. Besides the number of interacting partners, I also expected (iv) large birds and (v) small energetic fruits to have a relevant role in the maintenance of the structure of the interactions in seed-dispersal networks (i.e. are connectors in modular networks and have high contribution to nestedness in nested networks). Finally, I also tested the effect of other variables affecting both network structure and species' role to control for confounding factors and to identify other possible mechanisms.
Materials and methods

data collection
I selected 23 databases on frugivory interaction networks (see Table S1 , Supporting Information for the complete list of study sites and their characteristics) coming from studies already published from different parts from the world, mainly from , and from the Interaction Web Database (http:// www.nceas.ucsb.edu/interactionweb/index.html).
The studies included had to meet the following requirements: (i) had made available the detailed interaction matrix (i.e. who interacts with who); (ii) had identified the animal and plant species, at least to genus; (iii) focused on seed-dispersal by birds; and (iv) were not short-term studies (i.e. their data come from at least one entire season).
As animal and plant characteristics, I looked for some measures that had previously been described as important for seed dispersal interactions (Jordano 2000) and that were available in the literature. For the fruits, I looked for: fruit size (in cm), seed size (diameter and length, in mm), fruit energy (measured as the kJ of energy per g of pulp), and proportion of lipids, proteins and non-structural carbohydrates. For the birds I used: species average weight (in g), bill length and bill width (in mm). I also identified the degree of frugivory, which is a measure of how specialized are the birds in the consumption of fruit (from 5, when they only feed on fruits, to 1, when they feed on fruit sporadically). These measures were calculated independently of the interaction network, using published data on the species-specific feeding habits. I finally classified the threat degree of the species according to the IUCN red list (from 1, non-threatened, to 5, endangered). For birds, the main sources were the Birds of Western Palearctic (Cramp 1998) , the "Birds Facts" section at the British Trust for Ornithology webpage (http://www.bto.org/), Wikiaves (http://www.wikiaves.com/, a Brazilian database on birds, in Portuguese), field guides (i.e. Van Perlo 2009) and other published articles and books with morphological data (mainly del Hoyo et al. 1992) . For the fruit characteristics, I used the database FRUBASE on fruits' morphological characteristics available online (Jordano 1995a,b) . I completed the information with other species-specific published studies (such as Galetti, Pizo & Morellato 2011) characterizing the interaction pattern of the species
From each study, I collected qualitative information about the interactions between the plants and the animals. Species interactions can be represented in the form of matrices where species are denoted by rows and columns, and the interactions between an animal i and a plant j is depicted by the element a ij . The networks I used were all qualitative, in such a way that a ij = 1 when the two species interact and 0 otherwise. My networks are two-mode because their rows and columns represent species from two different groups (i.e. birds and plants).
Several measures have already been used to characterize the structure of mutualistic networks, including nestedness Burgos et al. 2007 ) and modularity (Olesen et al. 2007; Donatti et al. 2011 ; Fig. 1 ). These metrics are useful tools because they allow the visualization of interactions in communities that differ greatly, and provide ways to statistically quantify and compare the structure of networks across communities statistically . Both nestedness and modularity allow the computation of the metrics at species level. Each species receives a value depending on its contribution to a specific pattern (i.e. how much it follows the pattern). Thus, these metrics are related to the role of the species in the assemblage. When the same species appeared in more than one study site, I computed the metric of that species for each site, and then calculated the mean value for all the study sites. Below I detail each metric.
I first calculated the degree of a species in a network (see for example Gonz alez-Castro et al. 2012; V azquez 2004) , which is the number of interactions that a species has with other species in the network (k i ), in which, 1 ≤ k i ≤ S where S is the number of animal species in the network if i is a plant species and S is the number of plant species in the network if i is an animal species. In order to compare the degree of a species in different networks, I used a relative value of the degree of a species i, k i /S, and it can be interpreted as the proportion of species with who the species i interacts. Species with a large degree may be Fig. 1 . Theoretical representation of the two different assemblage structures analysed and the network metrics at species level used: A nested assemblage highlighting species with high and low contribution to nestedness (upper figure) and a modular assemblage highlighting species with high within-and between-module connectivity (lower figure). Black circles represent birds, grey circles represent plants and a line represents that a bird is dispersing the seeds of the plant it is linked to. important because they are benefitting a large number of interacting partners.
I also calculated the contribution to nestedness for each species and each network using the metric NODF (Nestedness overlap and decreasing fills -Almeida-Neto et al. 2008) and the ANINHADO program (Guimarães & Guimarães 2006) . In a perfectly nested network, when the degree of the species i is lower than the degree of species j, the set of species interacting with i are a subset of the set of species interacting with j. Species following this pattern will have a high contribution to nestedness, while species that deviate from the pattern will have a low contribution to nestedness. Significantly nested interaction networks will be formed by a majority of species with a high contribution to nestedness, but may have some species with a low contribution, also called idiosyncratic species. Species with a large contribution to nestedness are important because they interact with most of the partners with who the other species in the network interact, and are responsible for maintaining the structure of the assemblage. Species with a low contribution to nestedness may also have an important role, even if they are not maintaining the structure, because they are the ones that interact with those partners with which no one else interacts. This means that bird species with a low contribution to nestedness maintain the seed-dispersal for some specific plants. In a similar approach as for the degree, I calculated the relative value of the contribution to NODF for each species as the average value of contribution to NODF for that species in all the networks where the species appears.
A third pattern investigated was modularity. A network is considered modular if it is formed by cohesive subgroups of closely connected species. A species can be connected to species from different modules or be mainly connected to species from its own module. To characterize the contribution of a species to the modularity of the network, I used the within-module connectivity (Z) and the between-module connectivity (C) (Guimer a & Amaral 2005; Olesen et al. 2007 ). The within-module connectivity measures the magnitude of the connectivity of species i to other species in its own module. Positive values mean that the species has more interactions than the average species degree within its module, and negative values mean that the species has fewer interactions. This measure is already standardized and I did not perform any further transformations. The between-module connectivity is a measure of the connectivity of a species i between the different modules. The measure shows values close to 1 if species interactions are uniformly distributed among all the modules and to zero if interactions are within its own module. I also used a standardized measure of C, as done before with degree and NODF. Because Z and C measure different aspects of the role of the species in the network, I calculated both metrics for each species and analysed them separately. As for the other metrics, when a species appeared in more than one study area, I calculated Z and C in all the networks and then averaged the values. Finally, species with a small within-and between-module connectivity may have an important role in the network because they are dispersed by few birds, or birds that rely on few fruits for their fruit-derived nutrients, so these species may need special attention. On the other side, species with a large C and Z can be very important for the maintenance of the ecosystem service because they are responsible for the structure of the assemblage.
To calculate the modularity metrics at species level, I first needed to identify the organization of the network that maximized modularity (i.e. the number of modules and the species that belong to each module). Because this configuration cannot be computed analytically, I used the simulating annealing algorithm introduced to the modularity analysis by Guimer a & Amaral (2005) . I used the program MODULAR (Marquitti et al. 2014) to make all the calculations. The function used by simulating annealing algorithm maximizes the number of links between nodes belonging to the same module and minimizes the number of links between nodes belonging to different modules.
statistical analyses
I related the characteristics of the birds and the plants to the metrics describing their role at the network (i.e. degree of a species, contribution to nestedness, within-module connectivity and between-module connectivity) using generalized linear models (GLMs) in R 2.15.1 (R Development Core Team, 2012). Each animal and plant characteristic was analysed independently. I pooled together the data on species from different areas and analysed them all together to try to find general patterns in seed-dispersal interactions. I evaluated the significance of the variables by randomizing the distribution of the dependent variables (the network metrics) and calculated a GLM relating the randomized variable to the independent variable. I repeated this procedure 1000 times and I checked if the coefficient of the independent variable in my model was within the 95% confidence interval of the distribution of the same coefficients at the randomizations. I first performed univariate (i.e. one predictor variable) models, and I combined the variables that had appeared as significant in the randomizations to compute multivariate models, but none of the multivariate models were selected using the Akaike Information Criteria.
To identify if there was a phylogenetic signal in the characteristics of the species included in the study, I calculated the descriptive statistics K (Blomberg, Garland & Ives 2003) , which is a metric used to compare the amount of phylogenetic signal across phylogenetic traits and trees. When K < 1, the relatives resemble each other less than expected under the Brownian motion evolution, while when K > 1, the close relatives are more similar than expected under the Brownian evolution. I then used generalized least square models (GLSs) to repeat the previous analyses, but now accounting for phylogenetic non-independence of the species. GLSs include the phylogeny as a variance-covariance matrix, and allow the use of different models of evolution to construct this matrix (Paradis 2006) . Models were performed using the NLME and APE packages (Paradis, Claude & Strimmer 2004; Paradis 2006) in R. As all the K 6 ¼ 1 (see Table S2 ), the phylogenetic matrix was weighted using Pagel's k (1999). When k = 0, the phylogenetic tree is reshaped to have a single polytomy at the base for all the species (so all the species are considered independent). When k = 1, the model uses the original phylogenetic tree. For the birds, I used the resolved phylogeny in Jetz et al. (2012) at species level. I repeated the models using five different phylogenies. This produced very small changes in the coefficients and did not change the significance of the variables. Thus, I only present the results for one of the trees. For the plant phylogeny, I used the Phylocom software (Webb, Ackerly & Kembel 2008) . However, there is not a complete phylogeny for all the plants and I missed information for many of the species, and even genera in my study. Thus, I performed the phylogenetically corrected analyses for the plants averaging the data at family level. I also repeated the non-phylogenetically corrected analyses (GLMs) for the plants averaging by families to facilitate comparisons.
Results
From 23 seed-dispersal interaction networks, I analysed 4487 species pair combinations between birds and plants (Table S1 ). I compiled information on 468 species, 260 genera and 55 families of birds. For plants, I analysed a total of 628 species, 304 genera and 102 families.
My predictions that large birds would forage on a large number of fruits and be dispersed by few bird species, and that large birds would be important for the maintenance of the structure of the networks were not corroborated because bird size did not appear to be correlated with any of the role metrics for the birds (Table 1 , Fig. 2 ). Moreover, I unexpectedly found that birds with wide bills (and thus less morphological constrains to the interaction) presented low contribution to nestedness (i.e. consumed fruits that were not dispersed by the birds consuming most of the species in a particular assemblage). Frugivory degree appeared to be the most important variable and was consistently related to within-and between-modules connectivity, with more frugivorous birds contributing more to both metrics.
I also repeated the analyses accounting for the phylogenetic autocorrelation of the data. Frugivory degree continued as the most significant characteristic to make a species important in seed-dispersal networks (Table 1) . This suggests that this relationship was not caused by the common phylogeny of the species and that there may be a causal relationship between having a diet specialized in fruits and being important for the structure of the assemblage. I found some little changes in the variables selected. Threat degree, which was never significant in the non-phylogenetically corrected analyses, appeared now as an important descriptive variable for the role of the species in the assemblage, suggesting that threatened species are important within module connectors. Table 1 . Coefficient and significance degree for the significant generalized linear models (GLMs) and generalized least square models (GLSs) between bird characteristics and their role in the network
GLMs Bill width (mm) 80 À0Á018* Frugivory 329 0Á180*** 0Á252*** GLSs Bill width (mm) 80 À0Á0196* Frugivory 329 0Á064* 0Á192*** 0Á259*** 0Á032* IUCN 423 0Á464* C: Between-module connectivity, Z: within-module connectivity, Z-NODF: normalized contribution to nestedness. P-values as follows: *P < 0Á05, ***P < 0Á001. C (between-module connectivity)
Degree of frugivory Fig. 2 . Representation of the significant relationships by means of generalized linear models (GLMs) between the role of the species in the network and the bird characteristics. The line represents the linear regression of the data. Representation of the relationships between: contribution to nestedness (Z-NODF) and bill width, between-module connectivity (C) and degree of frugivory, and within-module connectivity (Z) and degree of frugivory.
As predicted for the fruits, the most important characteristic in determining species' role in the network was energy content. Energetic fruits presented high-degree contribution to nestedness and within-module connectivity (Table 2, Figs 3 and 4) . Moreover, my third prediction was also partially confirmed because plants with large fruits presented small degree, but neither fruit diameter nor seed size correlated with any of the other metrics describing the role of the species in the assemblage. The number of bird species that consumed a fruit (i.e. the degree of the fruit) was the variable that correlated with more characteristics of the fruits in comparison to contribution to nestedness and modularity (Table 2) . Carbohydrates and lipid content of the pulp were also related to the role of the species in the network in different ways. As for the birds, I repeated the analyses using phylogenetically corrected models, and I found that the energy content of the fruit appeared as the main cause (or consequence) of a fruit having an important role in the assemblage. Both fruit diameter and lipid content also appeared as important drivers of the fruits' role in the network after accounting for the phylogenetic relatedness of the species.
Discussion
Many studies have already linked the structure of mutualistic networks with the characteristics of the interacting species in particular networks, such as trait matching, species abundance, phenology and body size (e.g., Bascompte 2009; Chamberlain & Holland 2009; Rezende et al. 2009; V azquez, Chacoff & Cagnolo 2009; Olesen et al. 2011) . In this study, I go one step further by generalizing the importance of some species' biological traits for any birdfruit seed-dispersal mutualistic network, even after accounting for the phylogenetic relatedness of the species. The results support the idea that species-specific characteristics, especially the degree of frugivory for the birds and the energetic content for the fruits, are important determinants of the species' role in the nested and modular structure of the mutualistic network. Moreover, I also found that related species show some degree of non-independence in their role in seed-dispersal networks, thereby urging the incorporation of the phylogeny in the analyses (Blomberg, Garland & Ives 2003) .
I predicted body size to be an important variable explaining dispersers' role in the network structure. Large birds are expected to be able to consume fruits with larger sizes (Wheelwright 1985; Burns 2013) and size correlates with the number of interacting partners in ant-plant and in plant-hummingbird mutualistic interactions (Chamberlain & Holland 2009; Dalsgaard et al. 2011) . However, in my study, bird size was never related to any of the roles of the species in the community. Even if the size of the disperser clearly limits its ability to disperse some seeds (i.e. small birds will never be able to disperse large seeds because they cannot swallow or hold them in the beak for the dispersal), my results suggest that large birds are not the most important species in maintaining the nested and modular structure of the interaction network. This may be a result of large frugivores dying out in many communities and, as a consequence, losing their relevance in seed-dispersal networks, even though we know by their natural history that they feed upon dozens of species (Vidal, Pires & Guimaraes 2013) . Moreover, this lack of effect can also be the consequence of a mismatch in the scale of the study. On the one hand, missing interactions due to size constrains (i.e. forbidden links, Olesen et al. 2011 ) are known to operate at local scales, but their effect can fade when considering all large and small bird species from different areas together. On the other hand, I used average size values, while a recent study has shown that intraspecific trait variability can change the prevalence of forbidden interactions (Gonz alez-Varo & Traveset 2016).
Conversely, I found that the most important characteristic explaining birds' role in the network was their degree of frugivory. Mello et al. (2015) had already identified that dietary specialization in bats and birds dispersing seeds was highly related to their centrality in the network. Here, I found that species whose diet is based on fruits presented the highest values for all the metrics when accounting for the phylogenetic relatedness of the species. This implies that highly frugivorous birds are important for the maintenance of seed-dispersal services. Birds whose diet is principally based on fruits may need to consume a wider variety of fruits to be able to fill their nutritional requirements. This behaviour increases the number of interactions they account for in the interacting network 24 0Á012* 0Á011*** C: Between-module connectivity, Z: within-module connectivity, Z-NODF: normalized contribution to nestedness. P-values as follows: *P < 0Á05, **P < 0Á01, ***P < 0Á001.
and reinforces their role (Schleuning et al. 2014) . Additionally, birds that only consume fruits sporadically (i.e. have low frugivory degree) can also be important because they forage on peripheral plant species that deserve special attention in the assemblage. The first prediction for fruits was corroborated, as large-sized fruits interacted with few bird species. Large fruits and fruits with large seeds can only be consumed if the gape of the bird is large enough to swallow the seed or hold with the beak (Jordano 1995a; Burns 2013) . Thus, increasing fruit cross-width exponentially decreases the fraction of possible interacting partners (Wheelwright 1985; Jordano 1987) . Conversely, small fruits provide food for a wide range of frugivorous species, having an important role (i.e. large degree) in the frugivore assemblage. Moreover, a more diverse disperser community can also produce higher seed-dispersal fitness as a consequence of more varied foraging patterns (and thus, dispersal outcomes) from the different dispersers. However, partially contrary to prediction five, no other metric besides degree was significantly related to fruit size, suggesting that other fruit characteristics may be more important in the maintenance of the nested and modular assemblage structure.
Independent of the morphological traits, the characteristics of the pulp also determined the role of the plant species in the network (Jordano 1995a; Galetti, Pizo & Morellato 2011) . As expected, the most important variable was the energy content of the pulp. Highly energetic fruits had in general important roles in the network in agreement with optimal foraging theory (Fretwell & Lucas 1970; Pleasants 1981) . The consumption of highly energetic fruits increases the energy intake of the birds and maximizes their fitness. Highly energetic fruits are then preferred and consumed by a large number of frugivorous species, indicating that they are the main resource providers for the frugivorous assemblage. The fruit energy was also related to species driving nestedness and modularity, suggesting that this plant characteristic is also related to the structure and functioning of the assemblage. Finally, plant species with fruits with high lipid and carbohydrate contents had important roles in the nested and modular structure of the network, probably because these characteristics also contribute to make them highly Fig. 3 . Representation of the significant relationships by means of generalized linear models (GLMs) between the role of the species in the network and the fruit characteristics. The line represents the linear regression of the data. Representation of the relationships between degree and fruit diameter; degree and proportion of carbohydrates per g of dry pulp; standardized contribution to nestedness (Z-NODF) and proportion of lipids of the pulp, and between-module connectivity (C) and proportion of lipids in the pulp.
energetic (Cazetta, Schaefer & Galetti 2008 ). Indeed, in intraspecific studies, fruits with high lipid content were removed faster from the trees (Cazetta, Schaefer & Galetti 2008) and preferred by birds (Stiles 1993 ; but see Borowicz 1988) , what can lead frugivores to exert evolutionary pressure on these traits.
The observed relationships between the biological characteristics of frugivores and fruiting plants and their role in the network mirror those observed for other plantanimal interactions, especially pollination. It is largely known that the size and shape of the flower corolla is an important factor limiting the pollinator species that can access the flower resources (e.g. Stang, Klinkhamer & van der Meijden 2006 . Trophic specialization has also been found to vary largely in flower-visiting birds consuming pollen or nectar (e.g. Traveset et al. 2015) .
Moreover, the importance of the energetic reward in plant-pollinator interactions has also been previously demonstrated. For example, the population sizes of two avian pollinators were related to the sugar concentration in the nectar of the plants in the landscape (Schmid et al. 2016) , and generalized bird pollinators from Africa and America preferred plants with relatively large volumes of nectar but with low sucrose concentration (Johnson & Nicolson 2008) . Thus, there is a general trend for biological animal and plant characteristics to shape mutualistic interactions and the role of the species in the assemblage.
Using the GLSs approach to account for phylogenetic non-independence of the species, some of the significant associations dropped out (e.g. the size of the seed). This indicates that these associations were probably caused by a shared evolutionary history between the species. My results agree with previous studies that have found that related taxa are likely to occupy similar positions within a network Donatti et al. 2011) and phylogenetically related plants tend to have similar fruit traits (Jordano 1995a) . However, all the species characteristics that remain significant after accounting for the phylogeny are likely to have a causal relationship with the role of the species in the network. Thus, my results suggest some kind of evolutionary trend for frugivorous birds and energetic fruits to have important roles in seed-dispersal assemblages.
Even though my sample is the largest available dataset on seed-dispersal mutualistic interaction between birds and plants, I recognize that it has some limitations that need to be stated. Though I did not include short-term studies, the fieldwork in some of the studies may not have included a complete year, thus there may be some interactions not observed because they occurred in the non-surveyed period or they are rare and were not observed. Moreover, when the data were taken from a complete year, the results from different seasons were pooled. Thus, some species that may not coexist temporally were represented together in the same network. Nevertheless, the proportion of these unobserved interactions is very low. Data were also obtained using different sampling methods, thus there may be some small differences in the results obtained. However, I used only qualitative data, which is better comparable when the sampling procedure is not the same for all the sites, as it is not as affected by sampling effort as interaction frequency. Finally, the number of animal and plant features included in this study was limited by the data availability. Some other variables, such as the migratory status of the birds or the presence of chemicals hard to digest in the fruits, may also be important in determining the role of the species in the assemblage.
Besides the limitations of this study, I could identify the characteristics of the species that have an important role for the network structure. I identified that frugivorous birds and small energetic fruits were the most important for maintaining the nested and modular structure Fig. 4 . Representation of the relationships between the standardized nestedness (Z-NODF), within-module connectivity (Z) and degree, and the energy content of the pulp (kJ g À1 ).
and the functioning of the seed-dispersal assemblages, even after accounting for the phylogenetic dependence of the data. Frugivorous birds and energetic fruits seem to be the main 'core' of species that are responsible for the permanence of the animal-mediated seed-dispersal relationship, and this pattern remains in a global scale.
